Introduction
Oil pollution-petroleum hydrocarbons-can enter the marine environment from a wide range of sources including transport (e.g. tanker operations or accidents, bilge and fuel oil, non-tanker accidents and atmospheric emissions), from fixed installations (coastal refineries, offshore production, marine terminals) and from other sources (e.g. municipal or industrial waste, urban or river run-off), together with natural inputs (Clark, 2001) . Contamination by oil fractions may persist in the marine environment for many years after an oil spill, depending on characteristics of oil such as type, spill size and location (Tansel, 2014) . In areas such as salt marshes and mangrove swamps, the environment may recover fairly quickly (within 2-10 years) (Kingston, 2002) . However, where a spill is not dealt with through the physical removal of oil, it can persist for more than 25 years (Kingston, 2002) .
A range of biological effects can result from chronic oil inputs such as repeated small spillages in coastal waters, with those effects ranging from localised and subtle to severe and long lasting (Dicks & Hartley, 1982) . For example, in the UK sector of the North Sea there is evidence to show that the impacts of drilled cuttings (solid material removed from drilled rock, together with muds and chemicals) containing oil-based muds can persist for at least 6-8 years where cutting piles accumulate at the base of a drilling platform (Henry et al., 2017) . Experiments into the impacts of sediments from offshore drilling activities, including large amounts of drilling cuttings have shown a significant reduction in number of taxa, abundance, biomass and diversity when cuttings were added to natural sedimentation thresholds (Schaanning et al., 2008; Trannum et al., 2010) . The disturbance caused by drilling has been shown to have an impact on deep-water megafaunal density and diversity, for example, with recovery and recolonisation being only partial after 3 years, and the effects of such activities being still visible after a decade (Jones et al., 2012) . Colonies of the cold-water corals, Lophelia pertusa, have been identified around many oil and gas platforms in the northern North Sea (Gass & Roberts, 2006; Purser & Thomsen, 2012) , and there is evidence to suggest that coverage of coral colonies by sediments, including cuttings from oil platforms, is sufficient to damage or even kill such colonies, despite their resilience to short-term sedimentation events (e.g. Allers et al., 2013; Larsson et al., 2013) .
Oil spills have also been shown to have a detrimental impact on deep-water coral communities in warmer waters, as in the case of the Deepwater Horizon (Macondo well) oil spill in 2010 in the Gulf of Mexico. In this example there was evidence of damaged and deceased coral colonies at around 11 km from the spill site, approximately 3 months after the well was capped (White et al., 2012) . The Deepwater Horizon oil spill also had an acute impact the abundance and composition of bacterial communities in beach sands in the Gulf of Mexico (Kostka et al., 2011) , on marsh vegetation in coastal saltmarshes in the Barataria Bay of Louisiana in the northern Gulf of Mexico , and on the wetlands of the Mississippi River Delta system in Louisiana, an area responsible for approximately one-third of US commercial fish production . Commercial fisheries are at particular risk of harm from oil pollution, particularly where a slick occurs near to farmed fish or shellfish operations, or close to breeding grounds where fish eggs and larvae are vulnerable to oil pollution, (e.g. Clark, 2001) . In addition to the direct impacts of the Deepwater Horizon oil spill was an associated impact from the use of dispersants on marine copepods. Cohen et al. (2014) demonstrated an acute effect of a dispersant (Corexit EC9500A) with increased mortality rates of the common coastal copepod Labidocera aestiva exposed to that dispersant alone; exposure to crude oil alone or in combination with that dispersant impacted on the swimming behaviour of Labidocera aestiva. This illustrates a need to understand not only the direct impacts of oil on marine taxa, but also, for example, the additional impacts of dispersants as a method of cleaning up oil spills.
The volumes of oil entering the marine environment each year are unclear. Clark (2001) , for example, suggests that globally around 4.63 million tonnes per year entered the marine environment from transportation (including 0.163 million tonnes from tanker operations and 0.162 million tonnes from tanker accidents) and 0.18 million tonnes from fixed installations including offshore oil production, the main sources discussed in this paper. A 2007 estimate by the European Environment Agency (EEA, 2007, p. 232) indicates that between 1 and 3 million tonnes per year of oil enters the global marine environment, of which 24% is from marine transport (18% from operational ship discharges and 6% from accidental spills) and 3% from offshore extraction.
In terms of oil inputs to the marine environment of the North Sea, estimated volumes of oil also vary widely. Bedborough et al. (1987) provide a range of estimates for petroleum hydrocarbon inputs from all sources to the North Sea as a whole ranging from 107,000 to 165,000 tonnes, of which between 23,700 and 26,100 tonnes came from offshore operations in the region during the period 1982-1983. More recent figures for oil discharges from offshore oil and gas installations indicate that 4231 tonnes of oil (discharges and spills) entered the North Sea in 2014, down from 8756 tonnes in (OSPAR Commission, 2016 . These figures illustrate a significant decline in pollution from oil and gas production activities over several decades, and a number of measures have been put in place in the region to reduce such pollution. Measures are also in place to reduce or prevent oil pollution from shipping (accidental and intentional discharges) in the region. This paper presents a discussion on measures in place to reduce oil pollution in the North Sea, and on the effectiveness of those measures. The paper is structured in the following way: it examines the various measures developed internationally since the mid-1950s; it then identifies trends in oil pollution from shipping, and from oil and gas installations; it identifies some areas for potential future research; and finally it draws conclusions about the effectiveness of policy measures, aided by monitoring and surveillance activities, in reducing marine pollution in the North Sea region over many decades.
Measures to protect the North Sea from oil pollution
The North Sea has seen high levels of oil pollution for the past many decades with Dunnet et al. (1987) indicating that, since the early years of the twentieth century, oil pollution at sea continuously caused the contamination and deaths of seabirds. Potential sources of oiling of seabirds included tanker accidents, spills at terminals and offshore loading facilities, and blowouts at wells and production installations (e.g. Dunnet et al., 1987) . In the case of the Netherlands, 1 evidence of pollution in its waters dates back to 1915. Camphuysen & Vollaard (2015) note that the first accounts of oil pollution in Netherlands waters were published early in 1915 when oiled birds were washed ashore along the Netherlands mainland coast, and that there had been similar reports prior to the First World War of birds washing ashore on the coast of the UK. Large numbers of oiled seabirds continued to be washed ashore on the Netherlands coast at various times in the 1920s, 1930s and 1940s which were indicative of offshore oil spills or leaks (Camphuysen & Vollaard, 2015) . This trend continued during the twentieth century, with evidence of chronic oil pollution becoming apparent through the high rate of oiled seabirds being washed ashore on the Netherlands coastline every winter during the 1950s to 1970s, before a gradual decline in numbers during the 1980s and 1990s (see also Camphuysen & Heubeck, 2015) .
The International Convention for the Pollution of the Sea by Oil (OILPOL) of 1954 was the first measure to set operational discharge standards for oil from ships, with amendments in 1962 and 1969 subsequently imposing more stringent limits within specific zones (Molenaar, 1998) . Growing awareness of the impact of oil pollution on the marine environment led, in the late 1960s, to the introduction of stricter measures to reduce or eliminate pollution from shipping and the offshore oil industry in the region. In particular, the grounding of the oil tanker Torrey Canyon on the Seven Sisters Reef between the Scilly Isles and Lands' End (UK) in February 1967, and the subsequent spill of 119,000 tonnes of crude oil, resulted in questions being raised about how to prevent such accidents from happening again or, if they did, how to minimise their impacts and how to provide compensation in the event of another spill. The Torrey Canyon event also led to the introduction of two international measures: the International Convention on Civil Liability for Oil Pollution Damage in 1969 (see IMO, 2015a) and the International Convention for the Prevention of Pollution from Ships (MARPOL Convention) in 1973, which was subsequently modified by the Protocol of 1978 relating thereto (see IMO, 2015b) .
At an international level, the International Maritime Organization (IMO), 2 a specialised agency of the United Nations, is tasked with global standard setting for safety, security and environmental performance of international shipping. The IMO has adopted over 25 Conventions in the field of marine pollution alone including the MARPOL Convention, mentioned above, and a number of other conventions included in Table 1 . That table sets out a range of measures that provide a framework for environmental protection of the North Sea, developed over many decades, and includes international, regional and EU governance measures.
The two main regional agreements relating to oil are the Bonn Agreement and the OSPAR Convention (see Table 1 ). This paper considers, in particular, the roles played by the Bonn Agreement (http://www. bonnagreement.org/) in monitoring oil pollution from ships and from oil and gas installations, as illustrated in Fig. 1 , and of the OSPAR Commission (http:// www.ospar.org/) in setting standards to protect the marine environment from the adverse effects of offshore activities. These organisations work closely together to detect and combat pollution both from maritime disasters and from chronic pollution from ships and offshore installations (OSPAR Commission, 2010, p. 93) .
While data provided by the Bonn Agreement Aerial Surveillance Reports can identify whether some oil spills are associated with either shipping activities or oil installations, for around 80% of slicks detected by aerial surveillance, it was not possible to identify the source, as highlighted in Fig. 1 . It is important to note that spills from ships carrying oil and other hazardous or toxic substances may have severe short or long-term impacts on marine ecosystems, depending on weather conditions, location, and the ecological sensitivity of the area around a spill (OSPAR Commission, 2010, p. 95) . As Tansel (2014) notes, the BP Gulf Oil Spill (Deepwater Horizon spill) was the worst oil spill ever in terms of impact, economic cost, and vulnerability of the geographical location, even though it was not the largest ever spill in terms of volume.
Trends in oil pollution from shipping activities in the North Sea
A wide range of human activities occur in the North Sea region, ranging from shipping, energy production, waste disposal, and dredging/aggregate extraction. The North Sea region has some of the world's busiest shipping routes, serving the largest commercial ports in Europe (Rotterdam, Antwerp and Hamburg). For example, in the English Channel, Porathe & Ottmann (2015) identified that there were 131,444 ship movements of all vessel types recorded as passing through the Dover Strait in 2012 (approximately one every 4 min), together with multiple short-sea shipping movements by cross-Channel ferries. Other high traffic areas in the region include the route through the waters of Belgium, Netherlands and Germany entering the ports of Rotterdam, Antwerp, Ijmuiden/ Amsterdam, Hamburg and Bremerhaven (with 58,412 vessels crossing through that area), while high numbers of vessels (54,448) pass between the Baltic and the North Seas via the Skagerrak between Denmark and Norway each year. Porathe & Ottmann (2015) forecast that those figures will have increased to 200,000, 90,000 and 80,000, respectively, by 2020, based on a predicted 50% increase in the number of shipping movements in the North Sea, while the Bonn Agreement (2014a, p. 18) indicates that there will be ongoing annual growth in the number of oil tankers and LNG/LPG/Gas tankers in the region through to 2020, the types of vessels that pose the highest risk of a major oil spill in the event of an accident. Increased shipping numbers also increase the potential for smaller oil spills that could wash ashore and damage coastal wetlands and marshes, or damage commercial fishing activities, for example.
The continued increase in the numbers of vessels travelling through the North Sea region will result in ever more crowded shipping lanes, ships competing for space with, for example, the many planned and proposed offshore windfarm sites located in the navigable space of the North Sea; predicted to increase from around 400 km 2 to around 23,500 km 2 over the next few years (Porathe & Ottmann, 2015) . This highlights the importance of having in place measures and activities to ensure that vessel movements are monitored to ensure their safety, and the safety of other activities, within the region.
The role of the Bonn Agreement in oil pollution monitoring
In 1969, the Agreement for Cooperation in Dealing with Pollution of the North Sea by Oil (Bonn Agreement) was established in order to aid in the protection of the marine environment of the North Sea region, in the event of oil pollution incidents (see Bonn Agreement, 2001) . The Bonn Agreement has, for several decades, played a significant role in pollution monitoring in the region. Contracting Parties (CPs) to the Agreement conduct a range of aerial surveillance flights, both at national level and regionally, through coordinated operations conducted by neighbouring (not necessarily Bonn Agreement) countries, including flights to monitor oil and gas installations (Bonn Agreement, 2012a, pp. 7-8) . Flights take place during both daylight hours and the hours of darkness, using a range of different sensors (Bonn Agreement, 2012a, pp. 4-6) . In addition, satellite surveillance, conducted through the European Maritime Safety Agency (EMSA) CleanSeaNet Programme has, for more than 10 years, supplemented national aerial surveillance activities by providing near real-time radar images of potential spills using synthetic aperture radar (SAR) satellites, and with potential spills being reported to coastal states within approximately 30 min of being detected (EMSA, 2015) . Figure 2 presents the level of aerial surveillance activity which took place across the North Sea between 1986 and 2013, and the number of observed spills identified during that surveillance activity. From 1992 onwards, the data include surveillance activities both in daylight and during the hours of darkness, while from 2003 onwards, the numbers of observed spills make a distinction between detections and confirmed mineral oil spills, the latter being spills where visual verification from an aircraft has taken place. 3 Some caveats need to be considered with this data, however. Prior to 2003 only the annual number of reported spills was reported by CPs to the Bonn Agreement Secretariat which compiles the data for the annual surveillance reports. CPs generally fly only in daylight conditions, although the Netherlands, in particular, undertakes a large number of flights during the hours of darkness. As a result, spills detected using Side-Looking Airborne Radar (SLAR; imaging radar pointing perpendicular to the direction of flight, mounted on an aircraft or satellite) can be immediately verified visually by the aircrew. In the case of night detections, these cannot be immediately verified without additional observations and so were not generally reported to the Bonn Agreement. While some CPs did report such unconfirmed night observations, and also some observed spills that were other harmful substances, BA experts consider that the uncertainty range of the data to 2003 is low, since the majority of flights took place in daylight conditions and most spills at sea were verified as being mineral oil.
Further areas where there is uncertainty in the surveillance data relate to the various types of aircraft used to undertake aerial surveillance flights, the types of sensors on board, and the speed of the aircraft. The Bonn Agreement (2004) identified a wide range of different aircrafts operated by CPs, each with different sensors on board. Sensors need to be compatible with the specific aircraft's power supply (Bonn Agreement, 2004, p. 4) , and a wide range of sensors are available, including SLAR, SAR, Ultra Violet or Infrared Line Since 2004, the percentage of spills confirmed as mineral oil has varied greatly between those detected initially by satellite imagery and those detected by aerial surveillance. Table 2 sets out the percentage of confirmed mineral oil spills from those originally detected by satellite or aerial detection activities for the years 2004-2013 in the North Sea region. Table 2 illustrates that a far higher proportion of slicks originally identified using aerial surveillance are confirmed as being mineral oil (more than 50% in most years and as high as 80% in 2004) compared to those identified by satellite imagery techniques (just over 21% in 2006 and as low as 3.8% in 2013). However, in all cases, visual observation and verification by welltrained air crew is necessary to unambiguously confirm that an observed slick is composed of mineral oil (Bonn Agreement, 2016, p. 5) . There is some inflexibility in the system for obtaining satellite SAR images due to the fixed orbit of satellites, for example, although satellite recordings may have some advantages as they are independent of weather conditions that might prevent an aircraft from flying, and the width of the radar coverage path increases the area that can be covered by each satellite pass (Bonn Agreement, 2012, p. 108). The use of satellites can be considered to have increased the likelihood of potential oil spills being detected on the sea surface due to their greater area coverage. In addition, the use of satellites to track vessels using AIS data (automatic information system data, based on the transmission of very high frequency radio signals to track ship movements), means that it may be possible to attribute an oil spill to a specific ship by identifying which ships were in the location where a spill occurred (EMSA, 2011) .
Types of oil pollution from shipping activities
Oil pollution from ships can come from a range of different activities, including legal discharges, intentional or illegal discharges, and accidental spills. Illegal discharges occur when a ship fails to adhere to the relevant discharge standards for operational activities, or choose to intentionally discharge oil out of sight of land and during the hours of darkness, for example. Major accidental spills in the region are very rare, although two such spills in the North East Atlantic and the North Sea were 7th and 14th, respectively, in the top 20 major spills between 1967 and 2002. These were the Torrey Canyon in 1967, and the grounding of the MV Braer on the rocks of Garths Ness on Shetland in 1993, the latter resulting in a spill of around 85,000 tonnes of oil.
While accidents are generally unpredictable or unavoidable, it is possible to restrict legal discharges. These occur where a ship is allowed to discharge a certain level of oil in water (15 parts per million; ppm) during normal operational activities such as discharging bilge water or cleaning out oily waters from its cargo tanks. However, the North Sea, as part of the North West European Waters, was granted Special Area (SA) Status under MARPOL 73/78 Annex I: Oil in September 1997 (entry into force February 1999). As a result, the region benefits from a higher level of protection than other areas of the sea (IMO, 2017a) . Lying between Denmark, Germany and the Netherlands, the Wadden Sea, which contains the world's largest tidal flats system, large areas of coastal salt marshes, accommodates over 5,000 species of flora and fauna, and attracts over 10 million migratory seabirds annually (UNESCO, 2017) . The Wadden Sea area was granted Particularly Sensitive Sea Area (PSSA) status in 2002, with oil discharges in that area being even more tightly restricted than for the rest of the North Sea SA (IMO, 2017b) . This is significant since, should a major oil spill occur in the Wadden Sea, the impacts of oil are likely to be highly damaging and long lasting. For example, heavy oiling resulting from the Deepwater Horizon oil spill has been shown to have significant and long-lasting impacts on shoreline salt marshes ) and on wetlands more generally . In the Wadden Sea area, therefore, specific measures are in place to control discharges for ships under MARPOL Annexes (IMO, 2017b).
Effectively, any visible oil slick in the North Sea which is identified as having come from a ship, unless it is the result of an accident, can be considered to be intentional or illegal since spills on the sea surface generally become visible only above the 15 ppm level (Bonn Agreement, 2004, p. 101) . Oil discharges are permissible, outside SAs or PSSAs at specific distances from land (more than 50 miles for tankers under the 1992 Amendment to MARPOL Annex I).
Oil spill detections by country
Bonn Agreement data can be used to identify trends across the whole North Sea region and by individual country, as illustrated in Table 3 . For example, in 1997, there was a large increase in observed spills across the region, up from 650 in 1996-1181 in 1997. There was a corresponding large increase in observed spills in Netherlands waters (up from 247 in 1996 to 771 in 1997) although there was only a small increase in the number of Netherlands flight hours (up from 897 in 1996 to 970 in 1997). The large increase in observed slicks is likely the result of spills from ships travelling through Netherlands waters, either into large ports such as Rotterdam and Amsterdam, or onward towards the entrance to the Baltic Sea; there are very few oil installations in Netherlands waters, ruling these out as a likely source.
Since 1997 the number of spills continued to fall across the whole region so that, by 2013, the total number of spills was only 15% of the total for 1997. The number of spills also declined in Netherlands waters, from a high of 771 in 1997 to 15 in 2012, 31 in 2013. This decline is, according to Camphuysen & Vollaard (2015) reflected in a reduction in the number of stranded oiled seabirds being reported each winter in the Netherlands sector of the North Sea in recent decades. This is further supported by Camphuysen & Heubeck (2015) who identify that there has been a decline over several decades in chronic oil pollution of the North Sea based on trends from annual beached bird surveys (surveys assessing the number of oiled seabirds washing ashore each winter) and this is also reflected more broadly across Europe.
From 2003 onwards, the figures in Table 3 refer to aerial detections that have been confirmed as oil spills rather than just the number of detections which may or may not be from oil spills. For example, there were 290 spill detections by flights conducted out of the Netherlands in 2003, of which only 191 were confirmed as oil; the smaller number has been used in Table 3 . The difference between the detected and confirmed spill numbers for the Netherlands can be explained by the much higher number of night flights conducted by the Netherlands than other CPs, and the very high number of night observations. Many night observations were subsequently ruled out as being mineral oil following visual verification during daylight hours. With all other reductions based on confirmation of detections, the number of confirmed slicks across all countries was 458 compared to 592 prior to confirmation. The level of uncertainty in the surveillance data is considered very low once factors such as night observations being subsequently ruledout as mineral oil are taken into account. The waters off the coast of Belgium have also seen a reduction in oil spills and a significant decrease in chronic oil pollution pressure over time. Schallier & Van Roy (2015) examined a detailed statistical analysis of the Belgian oil slick database following 20 years of aerial surveillance in the Belgian Surveillance Area. That analysis identified a statistically significant decrease in the annual number of oil spills, the total polluted surface area, and the estimated volume of oil entering Belgian waters throughout the period 1991-2013. Schallier & Van Roy (2015) identify two causes for this; the designation of North West European waters as a Special Area under MARPOL, and the implementation of EU Directive 2000/59/EC on Port Reception Facilities for Ship-Generated Waste etc. (Official Journal, 2000) . Under that Directive, European ports are required to provide facilities to remove ship generated wastes, including oily wastes, from vessels calling into a port. In Belgian waters, there has been a significant fall in the numbers of the total number of detected and observed operational oil slicks minor oil spills between the subperiods 1991 -1998 (Schallier & Van Roy, 2015 . The number of very small spills of less than 0.1 m 3 in size fell from 191 in the sub-period 1991-1998 to 76 in the sub-period 2006-2013. During the same sub-periods, the total number of minor spills between 0.1 and 1 m 3 fell from 128 to 24; medium slicks (1-10 m 3 ) from 53 to 11; and major slicks (more than 10 m 3 ) from 15 to 0. Trends in oil pollution from oil and gas production in the North Sea
The North Sea has been the site of Europe's offshore oil and gas production industry since the 1960s, with oil installations generally in the area lying between the north-east UK and south west Norway and gas installations in the southern North Sea, between the UK and the Netherlands (North Sea Task Force, 1993, p. 17). In March 2017, there were more than 1350 offshore installations operational in the OSPAR maritime area, the majority of which are sub-sea installations and fixed steel installations in the waters of Denmark, Germany, Ireland, the Netherlands, Norway, Spain and the UK, rather than oil production installations (OSPAR Commission, 2017) . Figure 3 sets out the number of oil installations in Denmark, the Netherlands, Norway and the UK that were in production (i.e., excluding all facilities where no production activities were occurring) between 2001 and 2012. Figure 4 illustrates the location of oil and gas production platforms, oil wells, exploration drillings and oil pipelines in the North Sea region in 2009 (i.e. all facilities, including those where no production activities were occurring) (OSPAR Commission, 2010, p. 65).
The role of the OSPAR Commission
The OSPAR Commission plays an important role in monitoring oil pollution levels from oil and gas installations, whether from operational sources or accidental spills. Information collected by the OSPAR Commission includes quantities of water discharged each year together with the annual average oil content, and the total amount of oil discharged (in tonnes). Discharge sampling from both manned and unmanned installations, together with the use of gas chromatography since 2007 (previously infrared detection) enables the OSPAR Commission to determine the dispersed oil content in produced water in a sample, to ensure that installations meet all the relevant standards (OSPAR Commission, 2011a). Each OSPAR CP collects various data on discharges, spills and emissions from offshore oil and gas installations, and these data are compiled into OSPAR annual reports (OSPAR Commission, 2016, p. 7), which reports are providing details on installations that have failed to meet the relevant performance standards (OSPAR Commission, 2016, pp. 13-17) . Those standards include, for example, an average concentration of hydrocarbons discharged in effluents from oil installations (produced water (PW), displacement water (DW), ballast water, drainage water, etc.) set at 40 mg/l for discharges from platforms built after 1 January 1998 (Paris Commission, 1986) , and a specific recommendation for the management of PW from offshore installations to be reduced to 30 mg/l oil in water concentration, that came into force in 2007 (OSPAR Commission, 2001b) . The 40 mg/l concentration continued to apply to DW, drainage, and ballast water. However, the 40 and 30 mg/l standards both refer to a monthly average concentration, rather than an absolute emissions standard such as the 15 ppm standard for ships under MARPOL Annex I. The Bonn Agreement (2012b, p. 11 ) indicated that discharges from installations could reach 800 ppm, resulting in a discrepancy between observed spills and what was reported to the OSPAR Offshore Industry Committee (OIC).
Sources of oil pollution from oil and gas installations
Oil pollution from oil and gas platforms can come from a number of different sources including accidental spills and operational discharges, as illustrated in Fig. 5 . Accidental spills are quite rare and are generally small in size. In 2003, while there were 640 accidental spills in total, the vast majority (621) were less than 1 tonne by volume and only 19 were over 1 tonne by volume. By 2012, there were 421 spills (411 less than 1 tonne by volume, 10 over 1 tonne by volume). During all these years, the majority of such spills occurred in the UK and Norwegian watersthese countries having the location of the majority of oil installations in the North Sea region. As identified in Fig. 1 , the Bonn Agreement has undertaken aerial surveillance activities across the region to identify oil spills and their sources. Between 1997 and 2013, there was a reduction in the number of confirmed spills identified as coming from oil installations (from 81 to 37), supporting evidence from OSPAR that accidental oil spills from installations fell by around one-third between (OSPAR Commission, 2012 . While the source of 80% of oil spills was not verified in Fig. 1 , it is considered likely that those sources would have been ships travelling through the region, rather than fixed installations such as oil platforms.
In terms of operational discharges, since the early 2000s, the main source of oil discharge is PW. PW is generally water trapped in underground formations that comes to the surface as a by-product of oil and gas extraction and contains hazardous substances such as heavy metals, aromatic hydrocarbons and other substances including chemicals used in the oil production process. PW can also be water that is injected into the oil reservoir to stimulate pressure and increase yields from ageing oil fields. Other substances released from platforms that can contain oil are DW, the seawater used for ballasting storage tanks which is discharged into sea when oil is loaded into those tanks, together with drilling fluids and cuttings. Drilling fluids such as organic-phase drilling fluids (OPFs) are an emulsion of water and other additives in which the continuous phase is a water-immiscible organic fluid of animal, Fig. 5 Substances released from a range of sources during routine offshore oil and gas production. Source OSPAR Commission (2010, p. 65, Fig. 7.3) vegetable or mineral origin. Cuttings are solid material removed from drilled rock together with any solids and liquids derived from any adherent drilling fluids. Cuttings can have a significant impact on taxa, abundance, biomass and diversity around oil installations (Schaanning et al., 2008; Trannum et al., 2010) , with those impacts lasting for many years (Jones et al., 2012) .
In the early 1980s, it was recognised that there were elevated levels of hydrocarbons in the sediments around drilling platforms extending out to a distance of 3000 m in some cases, and that those hydrocarbons were the result of the discharge of oiled drill cuttings containing diesel oil (Leaver et al., 1987) . In 1984, around 5% of the North Sea wells being drilled used diesel-based muds, while 75% were drilled using lower toxicity oil-based muds (Leaver et al., 1987) . Despite this change, Kingston et al. (1987) noted that there were dramatic drops in fauna out to between 500 and 1000 m, irrespective of whether diesel or lower toxicity oil-based drilling fluids were used. Since 1996, there have been no discharges of oil-mudcontaminated cuttings (OSPAR Commission, 2001a), and since 2004, virtually no OPFs and cuttings have been discharged in the North Sea region (OSPAR Commission, 2012). However, research into impacts on cold-water coral colonies has shown that cuttings can have a major impact on colony size and mortality (Gass & Roberts 2006; Allers et al., 2013; Larsson et al., 2013) , while drilling activities more generally can have an impact on the density of motile organisms close to drilling platforms (Jones et al., 2012) .
While some substances discharged from oil installations were found in sediments around Danish, Netherlands, Norwegian and the UK rigs with high, but very localised impacts, throughout the 1980s and 1990s, these concentrations have reduced significantly in recent years, and environmental conditions around rigs have improved (OSPAR Commission, 2010, p. 68). Much of this improvement can be considered the result of stringent emission standards, discussed previously. In the example of the UK offshore industry, the average concentration of oil discharged with PW across the industry was 14.2 mg/l in 2015, less than half the OSPAR 30 mg/l limit, with around 2300 tonnes of oil discharged in PW (0.001% of total PW discharged), and the volume of PW discharged into sea had fallen from 263 million m 3 to 165 million m 3 since 2000 (Oil and Gas UK, 2016) .
In 2001, the OSPAR Commission established an Offshore Industry Committee (OIC) to work towards protecting the marine environment of the North Sea and its resources in respect of offshore oil and gas (OSPAR Commission, 2001c) . Subsequently in 2011, the OIC was given responsibility for facilitating implementation of the OSPAR North East Atlantic Environment Strategy which required the OIC to: (a) develop and apply a risk-based approach for management of PW from offshore activities; (b) keep under review the need for actions to prevent potential adverse effects from offshore activities; and (c) consider implications of decommissioning redundant oil and gas installations (OSPAR Commission, 2011b). This latter is particularly important as decommissioning of installations could cause significant disturbance of drilled cuttings and release contaminants back into the marine environment (Henry et al., 2017) .
Operational discharges from oil and gas installations
As a result of the various standards set for discharges via PW and DW there has been a decline in the quantity of oil being discharged into the North Sea. As illustrated in Fig. 6 , Carpenter (2016) illustrating the change from discharging PW into the sea to reinjecting it into the reservoir. There was little change in the combined volume between 2001 and 2012 (427.6 million m 3 and 410.61 million m 3 , respectively). Figure 7 illustrates the actual quantity of oil (in tonnes) discharged via PW and DW into the sea and shows that a significant change occurred between 2001 and 2012. Almost 14 million tonnes of oil were discharged into sea in PW in 2001, falling to just under 4 million tonnes in 2012, i.e. less than 30% of the 2001 volumes. Although the quantities discharged in DW were much smaller, there was also a fall between 2001 and 2012 from 262.2 tonnes to 61.4 tonnes, i.e. less than 20% of 2001 levels. Overall, operational discharges from oil installations have significantly improved in recent years. This is supported by the Norwegian Oil and Gas Association (2010) which indicates that discharges of environmentally harmful chemicals had declined by 99.5% since 1987, noting, however, that further reduction in discharges of oil and naturally occurring environmental toxins in PW remains a challenge, and illustrate the need for continuing monitoring and improvement in management strategies dealing with exposure to waste production products (PW) around platforms (Purser & Thomsen, 2012) .
Problems remain in regards to the offshore industry. The Norwegian Environment Agency (2016) identifies drilling wastes from offshore activities as being a continuing issue, with about 465,000 tons of hazardous waste taken ashore in 2015 (38,000 tons more than in 2014), of which the largest fraction is drilling wastes (82.10%; 402,895 tons) while oily waste makes up only 2.14% (2,613 tons). Drilling wastes had risen from 115,821 tons in 2005, and so had more trebled in the intervening 10 years. The issue facing the offshore sector in Norwegian waters is the difficulty of injecting drill cuttings underground across several fields on its continental shelf, a common practice elsewhere in the North Sea. Despite this issue, in relation to oily waste, discharges amounted to 2,613 tonnes in 2014 (2.14% of hazardous waste taken ashore) and so, in that context, oily waste is only a minor contributor to the total waste coming from Norwegian installations.
Potential area for further study
Significant reductions in oil pollution from both shipping and from oil and gas installations have been identified over more than two decades. However, there remain some areas where further action is needed to reduce inputs still further. As an example, oil pollution in Danish waters comes from both shipping and from offshore platforms, and more recently from offshore wind systems. As Porathe & Ottmann (2015) note, wind farms are planned for the waters of the UK, Denmark, Norway and Germany. These not only provide a potential hazard to ships through reduced room to navigate and manoeuver, but also introduce the possibility of increasing numbers of small spills, as has already been seen in Danish waters (Christensen & Carpenter, 2015) . Between 2009 and , the number of reported observations and the number of observations confirmed as oil increased in Danish waters. Christensen & Carpenter (2015) identified that there were 175 observed spills in 2009 of which 30 were confirmed as oil, a 17% confirmation rate. However, in 2013, there were 232 observed and 91 confirmed spills, a confirmation rate of just under 40%. The increase in reported spills between 2009 and 2013 appears to be the result of higher numbers of small spills coming from oil platforms and offshore wind systems, and improved reporting of such spills by the operators of those offshore installations to land-based authorities. The number of observed discharges from ships declined by 68% during the same period (Christensen & Carpenter, 2015) .
From Table 3 , the aerial surveillance data for Danish waters also illustrate wide variations between the years in the number of observed spills, while Fig. 8 -2012 . Source Carpenter (2016 illustrates that there continued to be fairly high levels 
Conclusions
This paper illustrates that international cooperation can result in a reduction in marine pollution by oil.
Legal measures at international, regional, the EU and national levels mean that operational discharges from ships are strictly controlled, particularly since the designation of the North West European waters, including the North Sea, as a Special Area under MARPOL. At the same time, aerial surveillance conducted under the aegis of the Bonn Agreement, together with the introduction of satellite surveillance technology and the surveillance activities conducted under EMSA operational tasks, offers a tool for environmental monitoring and increases the potential to identify the source of a pollution incident, raising the possibility of polluters being prosecuted for their actions.
As a result of the various actions and measures taken to reduce oil pollution entering the marine environment of the North Sea, the annual total number of oil spills in the region have declined over more than two decades from all sources, while the ratio of observed slicks by flight hours fell from 0.22 in 1999 to 0.04 in 2010 for the whole region. Increasing accuracy of aerial and satellite surveillance, together with activities to confirm whether a slick is mineral oil or some other substance means that data have become ever more accurate. After 1998, evidence also indicates that the majority of oil spills are generally less than 1 m 3 by volume, and that chronic oil pollution has declined across the region, making it much cleaner than in the past. Moving forward, tools to rapidly identify spills at sea and confirm whether a spill is oil or not, identify ships in the region of a spill, and also match a spill sample with oil from a potential ship source, should further drive down intentional, illegal pollution while the risk of being caught, prosecuted and fined has increased. At the same time, accidental spills from ships are now very infrequent due to better ship designs and anti-collision measures in the region's busy shipping lines, for example.
However, there still remain some issues where further action may be necessary. In particular, some agreed discharges remain permissible and these have made up the main input in recent years. In addition, Dixon (2015) identified that in 2014 alone, there were 601 accidental releases of oil and chemicals from offshore oil and gas installations operations in the open sea in the UK waters-a 14.5% increase on the 2013 total. Of those accidental releases, there were 380 mineral oil releases from offshore oil and gas installations in all the UK waters, the highest recorded number since 2000 and 101 more than the mean annual total of 279 releases reported between 2000 and 2013. However, the majority of these releases (70%) were estimated to be less than 5 l, based on figures reported by offshore oil and gas installations (Dixon, 2015) .
There also remains a level of uncertainty in the discharge data for offshore installations. The Bonn Agreement has made use of its Oil Appearance Code (Bonn Agreement, 2011) together with laboratory and other testing to estimate volumes of oil spills from offshore installations, while OSPAR uses CP data based on average emissions, and this can lead to discrepancies in reported volumes of oil in a spill (Bonn Agreement, 2014b, p. 24) . That discrepancy was officially reported by the Bonn Agreement to the OSPAR OIC (Bonn Agreement, 2012b, p. 11) .
A further issue is the ageing nature of oil production platforms in the region, and this may lead to more accidents in the future, either due to an increasing need for maintenance of ageing equipment, or due to discharges occurring during decommissioning of platforms. The OSPAR Commission (2010, p. 63) identifies activities such as plugging wells and removing infrastructure as posing a threat, while Henry et al. (2017) identify both the persistence of drill cuttings from development and operation of oil platforms in the UK sector of the North Sea, and the release of contaminants contained in these cuttings during the decommissioning of a platform, with impacts likely to be longer lasting in the deeper Northern and central North Sea regions, the location of the majority of oil platforms. While it can be concluded that the situation regarding inputs of oil to the North Sea has improved dramatically over the last several decades, particularly in areas such as ship safety and strict operational standards, and through the designation of the North Sea as having Special Status under MARPOL and the Wadden Sea having Particularly Sensitive Sea Area Status, more action still needs to be taken in respect of oil installations, for example. Monitoring activities such as those conducted by the Bonn Agreement and the OSPAR Commission remain vital in maintaining any improvements. However, it can also be concluded that where regional cooperation takes place, it is possible to have a positive impact on an environmental issue, and in doing so, reduce the risk of harm to marine biodiversity. Collaboration among the North Sea states therefore provides a very positive example of how concerted action by state actors, along with legislative measures, has been effective in reducing marine pollution in the region over many decades.
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